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Introduction
CCHP and combined heating and power (CHP) technology are effective and widely used ways to improve energy utilization, especially in the field of low grade thermal energy utilization [1] [2] [3] . Fuel cell-based CCHP/CHP systems have attracted much attention in recent decades due to their excellent performance of high efficiency, high stability, low noise and low emission [4, 5] . Another effective way to make the most of the low-grade thermal energy is to introduce an ORC system [6] . The low grade energy used in an ORC system can be derived from different sources, such as waste heat from internal combustion engines [7] , low temperature energy of liquefied natural gas engines [8] , solar energy [9, 10] , biomass combustion energy [11] , exhaust heat from gas turbines [12] and fuel cells [13, 14] .
With respect to fuel cell-based CHP technology, Korsgaard et al. [15] designed a high-temperature PEMFC-based micro-CHP system combined with the steam-reforming reactor, burner and a thermal storage system. A simplified complete model was also developed and implemented in the Matlab/Simulink environment. Mamaghani et al. [16] developed a predictive model and an adaptive long-term performance multi-objective optimization approach for high-temperature PEMFC-based CHP system. Net electrical efficiency, thermal generation, and electrical power generation were selected as the objective functions. The comparative study showed that the electrical efficiency of the CHP system can be remarkably improved with the obtained optimal points from multi-objective optimization approach, especially at longer lifetimes. In their previous studies, participation strategy and recovery strategy were proposed to improve the excursion of thermal and electrical generation of the CHP system from the steady state production [17] . Barelli et al. [18] presented a PEMFC-based CHP system and evaluated the dynamic performance in the Matlab/Simulink environment. Efficiency, fuel consumption, hot water production and response time were thoroughly investigated. Oh et al. [19] conducted a series of studies aimed at obtaining the optimal operation strategy for a 1 kW PEMFC-based CHP system for residential applications. With an optimal operation strategy, the costs could be reduced by 20%. The design options for fuel cell-based CHP systems in residential applications were carried out with optimization work by Adam et al. [20] . Optimization study of efficiency and membrane area and sensitivity analysis were conducted on a 5 kW PEMFC-based micro-CHP system by Marcoberardino et al. [21] . Xie et al. [22] designed a 1 kW PEMFC-based residential micro-CHP system and simulated the energy and exergy performance of the system by means of Aspen Plus. The effects of operating conditions on the system performance were also analyzed in detail. Arsalis et al. [23] conducted a modeling study on hightemperature PEMFC-based micro-CHP systems and heat pump assisted high-temperature PEMFC-based micro-CHP systems for residential applications with a total system efficiency of 81.5%.
In the field of fuel cell-based CCHP technology, Facci et al. [24] studied the technical and economic performances of a CCHP system based on solid oxide fuel cells (SOFC). System efficiency, primary energy consumption reduction and payback period were analyzed. In addition, some optimization studies on the design and control strategies of CCHP system were also conducted. Calise et al. [25] studied the dynamic behavior of a PEMFC-based CCHP system combined with solar energy and a LiBr-H2O absorption chiller using TRNSYS. The results showed that the total performance of the CCHP system was closely related to the PEMFC operating conditions, and could be improved with higher operating temperatures and higher electrical efficiency. Chen et al. [4] designed a PEMFCbased CCHP system combined with a single stage absorption chiller. A complete model including the fuel cell stack, gas supply system, LiBr-H2O absorption chiller, and system efficiency was developed. However, the energy consumption inside the system was ignored. Solar energy was added to the CCHP system in their another work with a maximum efficiency of 81% [26] . In addition, energy consumption inside the system has been taken into consideration in their work. Chang et al. [27] developed a residential micro-CCHP based on solar energy and PEMFC consisting of a PEMFC subsystem, an ORC subsystem and a VCC subsystem. In view of the instability of solar energy, this micro-CCHP will reduce to a PEMFC-based CCHP system with little or even without solar energy.
With regards to ORC systems, the selection of appropriate working fluids is an important aspect. Da et al. [28] put forward a simple way to predict the optimum design and operation parameters for single stage axial expanders. The results showed that the effect of the working fluids on the efficiency maps should not be ignored. Wang et al. [29] developed a thermodynamic model for a single stage ORC system to recycle low-grade thermal energy. The system efficiency with R123, R245fa and R600a as the working fluids were analyzed and compared. Wei et al. [30] developed a dual-loop ORC system to recover the engine waste heat at a relatively high-temperature. Energyand exergy-based working fluid selection was conducted on R124, R134a, R245fa, R600, R600a and R1234yf; the results showed that R1234yf was the best one for high operating loads. Different working fluids including cyclopentane, C5F12, R365mfc, R245ca and R601a were collected and analyzed to recycle waste heat with the temperature of 373-423 K based on thermal optimization by Cataldo et al. [31] . Najaf et al. [32] studied R245ca and nine other working fluids by means of performance analysis and sensitivity analysis. Exergy-based fluid selection of R227ea, R600a, R245fa and R601a for a geothermal energy utilization ORC system was also conducted by Heberle and Brüggemann [33] . Liu et al. [34] analyzed the performance of an ORC system for geothermal energy utilization using R600a/R601a mixtures as the working fluid. R600a and R134a were analysed for the ORC system to recycle waste heat with a temperature of 403-453 K. Nasir and Kim [35] developed an integrated system combined with ORC and VCC systems for residential applications. In this integrated system, the ORC system was the prime mover and drove the VCC system for air conditioning. Qiu [36] collected various working fluids for ORC and analyzed the effects of working fluids on a micro-CHP system. An appropriate organic fluid should be selected with consideration made for boiling temperature, enthalpy drop, heat transfer characteristics, thermal and chemical stability, low cost and so on according to a specific heat source.
In the fields of fuel cell-based ORC system, Tuo [37] and Al-Sulaimana et al. [38] both individually designed CCHP systems based on SOFC combined with an ORC system, and the efficiency was considerable. However, the operating temperatures of both the systems were very high and not suitable for residential applications. Aminyavari et al. [39] developed an internal-reforming SOFC-gas turbine hybrid system integrated with the ORC system, and studied the exergetic, economic and environmental performance. The results showed that the ORC system could enhance the exergetic efficiency by 8.84%. Ebrahimi and Moradpoor [40] developed another kind of CHP system combined with SOFC, micro gas turbine and ORC system. Thermodynamic analysis and sensitivity analysis were conducted; the results show that the efficiency of the micro-CHP system can reach more than 65%.
The coolant temperature of high-temperature PEMFC can be as high as 383-453 K, which is very suitable for recovery by ORC system integrated into a micro-CCHP system. As has been reviewed above, most PEMFC-based CCHP systems were composed of an absorption chiller. On one hand, absorption chiller can only provide cooling capacity in summer, it is idle in winter and extra energy system is often needed for residential use. While the VCC system can work properly both in summer and in winter with a four-way reversing valve. On the other hand, the energy efficiency of an absorption chiller is much lower than that of a VCC system. As a result, both the economic performance and thermal performance of CCHP systems combined with a VCC system are better than those of conventional ones. With this mind, a novel high-temperature PEMFC-based micro-CCHP system combined with an ORC and a VCC subsystem is proposed. Six working fluids, i.e., C5F12, C4H5F5 (R365mfc), C5H12 (iso-pentane, R601a), C5H12 (n-pentane, R601), C5H10 (cyclopentane) and C3H3F5 (R245ca) are contrastive investigated by means of Matlab coupled with REFPROP. With the selected working fluid, the COP and the exergy efficiency of the novel CCHP system are analyzed in detail.
Micro-CCHP system description
High-temperature PEMFC is the prime mover of the proposed micro-CCHP system. An ORC subsystem is adapted to recycle the waste heat of the PEMFC stack and output mechanical power. The VCC subsystem is driven by the mechanical power from the ORC subsystem and produces cooling capacity in summer and heating capacity in winter. The schematic diagram of the micro-CCHP system is shown in Fig. 1 . In the PEMFC subsystem, the cathode and the anode are fed with air and pure hydrogen, respectively. The reactant gas is preheated in the preheater by the tail gas from the cathode. The inlet reactant gas temperature is 10 K lower than the tail gas temperature, which is equal to the operating temperature. It should be noted that the tail gas from the anode is recycled, so the hydrogen utilization ratio is regarded as 100%. The coolant of the PEMFC subsystem is coolant oil and the hot coolant oil is sent to the ORC subsystem to generate superheated vapor.
The core component of the ORC subsystem is the turbine expander. Quasi-isentropic expansion process of the superheated vapor with high-temperature and high pressure from the heat exchanger II takes place in the turbine expander and output mechanical power. Then, the exhaust vapor flows through the regenerator and the heat exchanger I. Waste heat of the ORC subsystem is recycled at the heat exchanger I to produce domestic hot water. The output power of the turbine expander is transmitted to the VCC subsystem to drive the compressor.
The VCC subsystem is a single-stage vapor compression cycle and the refrigerant is R290. This subsystem can achieve both refrigeration cycle and heat pump cycle with a four-way reversing valve.
Modeling methodology

PEMFC subsystem modeling
The stack consists of 130 single cells with the assumption that the fuel cell stack works at steady state. The design and operating parameters are shown in Table 1 .
The single cell voltage Vcell can be calculated with consideration of the activation overpotential, act and ohmic overpotential, ohmic :
Overpotentials can be calculated as follows [15, 41] :
where ocv is the open circuit voltage. is the ideal gas constant, is the Faraday constant, cell is the operating temperature, and 0 are the current density and exchange current density, and air is the air stoichiometry. and are the anode and cathode charge transfer coefficient, respectively.
eh is the hydrogen electro-oxidation rate constant, ℎ H 2 is the hydrogen surface coverage. conc and ohmic are the concentration resistance and ohmic resistance, and can be obtained as follows [42] : 
It is assumed that the performance of each single cell in the stack is consistent when modeling the stack; therefore, the fuel cell stack voltage can be calculated as follows:
The total electric power and thermal power of the stack can be obtained by:
where cell is the single cell active area and is the higher heating value of the fuel gas.
The heat transferred to the coolant oil can be calculated by Eq. (9), which ignores the heat exchange between the stack and the surroundings.
where H 2 , O 2 , N 2 and H 2 O represent the heat carried out through the anode tail gas (hydrogen), cathode tail gas (oxygen and nitrogen) and water, respectively.
The constants and empirical parameters used in the PEMFC model are shown in Table 2 .
ORC subsystem modeling
In the ORC subsystem, the working fluid temperature at the outlet of the heat exchanger II is set as 5 K lower than the inlet temperature of the hot coolant oil. The superheat temperature is 10 K at the inlet of the turbine expander. The working fluid temperature at the outlet of the heat exchanger I is set as 305 K, and the overcooling temperature is 5 K.
The thermal energy carried out by the organic working fluid can be calculated as:
The output power of turbine expander can be calculated as:
exp =̇O RC (ℎ 12 − ℎ 13 )
The specific enthalpy of the vapor at the outlet of the turbine expander can be obtained as:
where , is the isentropic expansion coefficient of the turbine expander with a value of 0.85.
The energy balance in the regenerator can be expressed as:
The heat recovery from the heat exchanger I can be calculated as:
where ̇O RC represents the organic working fluid mass flow rate. ℎ is the specific enthalpy of the organic working fluid at state point . This definition is also applied in the VCC subsystem.
VCC subsystem modeling
A single stage VCC system is adopted in the CCHP system and the pressure-enthalpy diagram is shown in Fig. 2 . The black numbers 19 and 20 are the refrigeration cycle state points, and the blue numbers 20 and 19 in the bracket are the heat pump cycle state points. Numbers 18, 18s and 21 are the shared state points. Condensation temperature is set as 8 K higher than the ambient temperature in summer, and evaporation temperature is set as 10 K lower than the ambient temperature in winter. The compressor is driven by the output power of the turbine expander:
The refrigerant mass flow rate can be obtained as:
where the specific enthalpy of the vapor at the outlet of the compressor can be obtained as:
where , is the isentropic compression coefficient of the compressor with a value of 0.85.
The cooling capacity in refrigeration model can be calculated as:
The heating capacity in heat pump model can be calculated as:
Balance-of-plant modeling
In the balance-of-plant modeling, the properties of the cathode tail gas are regarded as the same as those of air. Hydrogen and air are treated as ideal gases. Therefore, the energy cost of the hydrogen compressor and the exhaust air compressor can be calculated as:
where subscript represents H 2 and Air. , is the specific heat capacity at the outlet of the stack,
, is the compression rate. is the isentropic exponents. H 2 in this formula is 4 and air is 7 . , , and , are the isentropic compression efficiency, mechanical efficiency and motor efficiency of the compressor with the values of 0.7, 0.8 and 0.9, respectively.
The circulating pump power of for ORC subsystem and the PEMFC subsystem can be calculated as: 
where ̇o il and oil are the mass flow rate and density of the coolant oil, respectively. ( 9 − 11 ) is the total pressure drop of the coolant oil in the stack and the heat exchanger II.
The total energy cost of the CCHP system is:
Exergy analysis
Exergy is the maximum amount of work that can be produced from working vapor, heat or a material brought to equilibrium with the environment. It is often used to evaluate the energy quality. The exergy of a vaporized material is composed of physical exergy and chemical exergy.
where ̇ is the mass flow rate of the reactant gas, ℎ and are the specific enthalpy and entropy under the working conditions, ℎ 0 and 0 are the specific enthalpy and entropy at ambient temperature 0 , respectively. is the standard chemical exergy and is its molecular weight.
The heat exergy can be calculated by:
where is the heat amount of the heat steam and is the temperature of the working condition.
Performance analysis of the CCHP system
The coefficient of performance of the CCHP system is defined as the ratio of the total output energy to the total input energy: 
where ( stack − cost ) is the actual output electric power, ( stack + thermal ) is the total input energy. ̇h eating = 0 in summer and ̇c ooling = 0 in winter.
The exergy efficiency of the CCHP system is defined as the ratio of the total output exergy to the total input exergy:
where water , cooling and heating are the heat exergy of the heated water, cooling capacity and heating capacity, respectively. ( + ) is the total input exergy. heating = 0 in summer and cooling = 0 in winter.
4.
Results and discussions
Validation of the high-temperature PEMFC model
The high-temperature PEMFC model is validated by the experimental data from Korsgaard et al. [42] . In the validation process, the single cell voltage with operating temperature of 413 K and 433 K were calculated and compared, and the results are shown in Fig. 3 . As seen, the calculated single cell voltage is basically in agreement with the experimental data. The maximum error is approximately 5.89%, and the average error is approximately 3.77%. The consistency of the calculated value and the experimental data in the current density range of 0.25-0.85 A/cm 2 is very high, which means that the high-temperature PEMFC model is applicable and reliable in the following modeling study. Fig. 4 shows that the electric power and the thermal power of the stack vary with the current density and operating temperature. Since the cell voltage varies almost linearly with the current density in the range of 0.1-0.9 A/cm 2 (seen in Fig. 3 ), the electric power shows a parabolic relation with the current density in the same range. The electric power of this stack at 0.85 A/cm 2 is approximately 8.11 kW (seen in Fig. 4(a) ). It can be seen from Eqs. (6) - (8) that the total energy of the stack changes linearly with the current density, as a result, the thermal power increases sharply with a large current density when the electric power increases slowly. The thermal power of this stack at 0.85 A/cm 2 is approximately 24.54 kW. As shown in Fig. 4(b) , both the electric power and the thermal power of the stack only change a little with the operating temperature which means that the operating temperature is not a sensitive factor to the stack performance. The electric power changes from 8.29 kW to 8.11 kW with a change rate of 2.17% when the operating temperature increases from 413 K to 433 K. However, at the same time, the thermal power increases from 24.37 kW to 24.54 kW with a change rate of 0.70%. 
Effects of current density and operating temperature on PEMFC
Energy-and exergy-based working fluid selection for the ORC subsystem
The organic working fluid is the medium that absorbs heat from the hot coolant oil and converts it to mechanical power in the turbine expander. Six organic working fluids are chosen for further study based on the output mechanical power, COP and exergy efficiency of the CCHP system. The physical, safety and environmental properties for the six organic working fluids are shown in Table 3 .
The evaporation pressure of a working fluid will directly affect the mechanical properties of the related components, and will also significantly affect the circulating pump power. Therefore, the working fluid with lower evaporation pressure should be preferentially selected. The net output power per unit mass is defined as the difference between the output mechanical power and the circulation pump power with unit mass working fluid through the turbine expander. This parameter is an important index to evaluate the working capacity of an organic working fluid. The evaporation pressure and net output power per unit mass for the selected working fluids are shown in Fig. 5 .
Since the critical temperature of C5F12 is 420.56 K, there will be no evaporation process when the temperature is higher than 420.56 K. It can be seen from Fig. 5(a) that the evaporation pressure of the candidate working fluids are almost between 1 MPa and 3 MPa when the evaporation temperature is between 413 K and 433 K. At the same evaporation temperature, the order of the evaporation pressure for different working fluids from small to large is: cyclopentane < R601 < R365mfc < R601a < C5F12 < R245ca, while the order of the net output power per unit mass from large to small is almost the same: cyclopentane > R601 > R601a > R365mfc > R2 45ca > C5F12, as shown in Fig. 5(b) . It can be found from the preliminary comparison that R365mfc, R601a, R601 and cyclopentane seem to be better suited to the ORC subsystem. The following comparative studies of the effects on the whole CCHP system are mainly based on these four working fluids. 6 shows the output mechanical power of the turbine expander varies with current density and operating temperature for R365mfc, R601a, R601, and cyclopentane. It can be seen from Fig. 6 that the output mechanical power increases with both the current density and the operating temperature. That is, the lower left corner is the smallest and the upper right is the largest. The order of the output mechanical power from large to small is R601 ≈ R601a > R365mfc > cyclopentane. Notice that the order of the output mechanical power is not exactly the same as the order of the net output power per unit mass in Fig. 5(b) due to the difference in the circulating pump power. Figure 6 Contour maps of the turbine expander output mechanical power for different working fluids. Fig. 7 shows the COP of the CCHP system varies with current density and operating temperature. Similar to the output mechanical power, the COP of the CCHP system also increases with both the current density and the operating temperature. Since the influence of working fluids on the COP is mainly reflected in the cooling/heating capacity, which is determined by the output mechanical power of the turbine expander, the variation tendency in Fig. 7(a) and (b) are almost the same in summer and in winter. It should be pointed out that the COP of the CCHP system is always greater than 1.0, especially in winter, which is mainly benefiting from the VCC subsystem. Fig . 8 shows the exergy efficiency of the CCHP system. It can be seen from Fig. 8 that the exergy of the CCHP system decreases along with the current density both in summer and in winter. It can be also seen that the exergy efficiency gradient along the operating temperature is nearly zero, which means that the exergy efficiency is almost independent of the operating temperature. According to the comparative study on the output mechanical power of the turbine expander, the COP and the exergy efficiency of the CCHP system, R601a, R601 and cyclopentane show better cycle performance. However, the differences between these three working fluids are very small. In addition, cyclopentane is more toxic and has more potential risks. With synthetical consideration, R601 is selected in the ORC system. The following analyses are all based on R601.
Effects of current density and operating temperature on ORC subsystem
The effects of current density and operating temperature on the mass flow rate of the organic working fluid and the output mechanical power of the turbine expander are shown in Fig. 9 . As can be seen from Fig. 9(a) , the mass flow rate and the output power are approximately linear with current density. This is mainly because the mass flow rate and the output power are closely related to the thermal power transferred to the organic working fluid according to Eqs. (10) and (11), while the thermal power transferred to the organic working fluid is approximately linear with the current density according to Eqs. (8) and (9) and Fig. 4 (a) . As shown in Fig. 6 , the maximum output power is approximately 5.92 kW and the value at 0.85 A/cm 2 is approximately 4.83 kW. It is showed in Fig. 9(b) that the mass flow rate and the output mechanical power also change a lot with operating temperature. The mass flow rate decreases from 0.0600 kg/s to 0.0586 kg/s with a change rate of 2.33% and the output mechanical power increases from 4.15 kW to 4.83 kW with a change rate of 16.4%. The output mechanical power significantly changes with the operating temperature mainly because the organic working fluid temperature at point 15 is directly determined by the hot coolant oil temperature, which is set as 10 K lower than the operating temperature. 4.5. Effects of current density and operating temperature on the total output energy Fig. 10 shows the effects of current density and operating temperature on the total output power of the CCHP system including electric power, cooling/heating capacity and the recovery thermal power. Since the electric power and the recovery thermal power are independent of the ambient temperature, they remain unchanged in summer and in winter. The cooling capacity only exists in summer and the heating capacity only exists in winter. As shown in Fig. 10(a) , the cooling capacity and the heating capacity are consistent with the change of the output mechanical power of the turbine expander, and the recovery thermal power is consistent with the change of the thermal power of the stack. It can be seen from Fig. 10(b) that the electric power of the CCHP system is approximately 8 kW, the recovery thermal power i.e., domestic hot water power is approximately 18 kW, the cooling capacity in summer is approximately 12.5 kW and the heating capacity in winter is approximately 20 kW under normal working conditions. 4.6. Effects of current density and operating temperature on the performance of the CCHP system Fig. 11 shows the COP and the exergy efficiency of the CCHP system vary with current density and operating temperature. The curves of the exergy efficiency change a little with operating temperature both in Fig. 11(a) and (b) , which is in good agreement with that mentioned in Section 4.2. However, the variations of the COP with the current density and the operating temperature are more obvious. The higher the current density and the operating temperature are, the higher the COP is no matter in summer or in winter. The average COP is 1.19, and the exergy efficiency is 46% in summer, while the COP and exergy efficiency values are 1.42 and 47% in winter under normal working conditions, respectively. 
Effects of ambient temperature on the performance of the CCHP system
The ambient temperature mainly affects the performance of the VCC subsystem which in turn affects the whole CCHP system. Fig. 12 shows the effects of ambient temperature on the COP and the exergy efficiency of the CCHP system. The ambient temperature changes from 301 K to 309 K in summer and from 279 K to 287 K in winter. As can be seen, the exergy efficiency is negatively correlated with ambient temperature both in summer and in winter, which can be explained with Eq. (26) . While the COP in summer has a negative correlation with ambient temperature, and that in winter, a positive one. In addition, the COP in winter is more sensitive to the change of ambient temperature compared with that in summer, as seen in the comparison of Fig.12(a) and (b) . 
Conclusions
In this study, a novel micro-CCHP system based on high-temperature PEMFC is proposed. This micro-CCHP system consists of a PEMFC subsystem, an ORC subsystem, and a VCC subsystem. The electric power of the CCHP system is 8 kW, the cooling capacity is 12.5 kW in summer, the heating capacity is 20 kW in winter, and the domestic hot water power is approximately 18 kW under normal operating conditions. The following main conclusions are obtained:
(1) A complete model of the CCHP system including high-temperature PEMFC model, ORC model, VCC model, balance-of-plant model and the CCHP performance model is developed in Matlab coupled with REFPROP.
(2) Six different organic working fluids are investigated for utilization in the ORC subsystem. The working fluid selection is based on evaporation pressure, net output power per unit mass, the output mechanical power of the turbine expander, the COP and the exergy efficiency of the CCHP system. With consideration of the cycle performance and the physical, safety and environmental properties, R601 was eventually chosen for this system.
(3) Both the current density and the operating temperature have significant effects on the COP of the CCHP system while only the current density primarily affects the exergy performance. The ambient temperature can affect both the energy performance and the exergy performance of the CCHP system by means of affecting the performance of the VCC subsystem. The COP in winter is more sensitive to the change of ambient temperature compared with that in summer (4) The average COP of the CCHP system is 1.19 in summer and 1.42 in winter, and the average exergy efficiency is 46% in summer and 47% in winter under normal operating conditions.
